there are several options to mitigate climate change effects by either reducing the sources 37 of greenhouse gas emissions, enhancing their sinks (e.g., negative emissions via CO2 38 sequestration), or reducing CO2 emissions by substitution of biological products for fossil 39 fuels or energy-intensive products (Smith et al., 2014) . In the recent decades, special these studies, Álvaro-Fuentes et al. (2012a) was been the first to investigate the effect of 80 Spanish climate change conditions on SOC changes at the regional level, but they did not 81 use the C model under a spatially explicit environment. Therefore, to our knowledge, there 82
have not been many studies so far investigating SOC dynamics at the regional scale, 83 linking GIS with SOC models and considering climate change conditions. Accordingly, the 84 main general aim of this study was to evaluate the impact of climate change on SOC 85 content at a regional level in Spain using the RothC simulation model. In this context and 86 to make the assessment more relevant for decision making, we included spatial mapping 87 and recommended soil management practices. Furthermore, different alternative 88 management practices to increase SOC sequestration under climate change conditions were 89 also simulated. We hypothesized that (i) climate change conditions would reduce SOC 90 sequestration capacity, and (ii) alternative management practices could help to enhance soil 91 C sequestration under climate change conditions. 92
MATERIALS AND METHODS

93
Study Area 94
Our study area (47,719 km 2 ) in northeastern Spain comprised the entire Aragon 95 autonomous community. This is located at the center of the Ebro River depression, an georeferenced points were selected (Supplemental Fig. S1 ). We set up an equal-interval 153 classification (five intervals) and a mean value of each interval for SOC stocks and clay 154 content properties layers (Supplemental Fig. S2 ) to overcome the large variability in both 155 SOC stocks (25-151 Mg ha −1 ) and clay content (14-30%) across the area studied. 156
Climate change data, corresponding to 50-km  60-km grids, were produced by the 157 Outdoor grazing animals' excreta were assumed to reach mainly grasslands, which were 203 not included in the present study. Consequently, to estimate manure flows applied to 204 croplands, we deducted animal excretion during grazing from the total excreta by applying the grazing factor proposed by the Spanish National Inventory (UNFCCC, 2014). Finally, 206 manure flows applied to cropland dry matter was converted to C by assuming 80% content 207 of volatile solids and 55% of C content in volatile solids. (Adams et al., 1951) . We 208 assumed that C inputs of animal manure were applied only to arable land (irrigated and 209 rainfed). 210 To run the model, monthly C inputs derived from plant residues and from animal 211 manure application were assigned to each of the spatial units according to land use. The 212 splitting ratios for DPM and RPM (DPM/RPM) were assigned differently for each 213 agricultural system. We assumed 49% DPM, 49% RPM, and 2% humified organic matter 214 for manure and 59% DPM and 41% RPM (DPM/RPM = 1.44) for both irrigated and 215 rainfed crops based on Coleman and Jenkinson (1996) . Regarding woody crops, and to 216 refine the data, we considered a better resistance to degradation than cropping systems 217 (50% DPM and 50% RPM, DPM/RPM = 1), since woody crops contains higher lignin 218 content. 219
Water inputs from irrigation were also taken into account and added to monthly 220 precipitation in the weather file of the model and managed as baseline conditions. Average RothC initialization requires C pools to be sized. For regional-scale simulation, C pool 239 quantification is infeasible. As an alternative method, we used the pedotransfer functions 240 Mediterranean part of Spain, with a temperature raise of > 6°C. As a summary of the 254 climate data used in this study, all climate change scenarios predict a decrease in 255 precipitation and an increase in mean air temperature in the following order ( Fig. 1 , 256
Although there is an overall decrease in monthly precipitation of 10.6 and 9.5 mm under 258 ECHAM4-A2 and ECHAM4-B2 scenarios and 3 and 4 mm under CGCM2-B2 and 259 CGCM2-A2 scenarios, respectively, the average monthly temperature rises from 2°C under lower annual precipitation, but they also indicate different annual precipitation distribution 262 than the baseline scenario (Fig. 1) . The climate models producing the largest changes in 263 climate (ECHAM4-B2 and ECHAM4-A2) predict a significant decrease in precipitation 264 during the typical precipitation season (spring and autumn) ( Fig. 1 ). The decadal 265 distribution pattern of annual precipitation is significantly modified among the climate 266 change scenarios compared with the current climatic conditions (Supplemental Fig. S3 ). 267
However, the annual and decadal temperature distribution are not modified by climate 268 change ( Fig. 1, Supplemental Fig. S3 ). Finally, when we compare the climate projections 269 used in our study for the different Aragon climatic regions, we can observe that the Ebro 270 depression in the central area of Aragon showed the highest temperatures under climate 271 change conditions and the smallest average precipitation decrease compared with the other 272 two mountainous areas (the Pyrenees mountains in the north and the Iberian mountains in 273 the south, Supplemental Table S1 ). 274
Soil Management Scenarios 275
To enhance SOC stocks under climate change conditions during the simulation period 276 of 2010 to 2100, we simulated alternative soil management scenarios, such as NT and 277 vegetation cover for rainfed and woody crop systems, respectively. For NT practices, we manure. Then, we analyzed the effect of these practices ( Supplemental Table S2) Since future projections for livestock production are subject to a large degree of 290 uncertainty (Thornton, 2010; van Grinsven et al., 2015) , we explored the potential range of 291 livestock change by both an increase and a decrease in animal numbers (20% animal 292 production). Both scenarios are supposed to match potential demand-driven trends, the first 293 by rising income and urbanization of the population, and the second if the population has a 294 concern over eating animal products. A linear increase or decrease in animal numbers for 295 for this study. 297
The use of vegetation cover in olive groves could be an efficient strategy to increase 298 
RESULTS AND DISCUSSION
305
Regional Soil Organic Carbon Changes under Climate Scenarios 306
Results showed an increase in total SOC stocks in Aragon for the 2010 to 2100 period 307 under baseline and climate change conditions (Fig. 2) . To explore the potential for SOC 308 sequestration, simulations were performed under the assumption that all plant residues 309 were returned to the soil. Therefore, the observed increase can be partly explained by the 310 biomass returns and C input levels considered during the simulation period, mainly due to sequestration rates found in ECHAM4-A2 and ECHAM4-B2 scenarios (Fig. 2) were 322 associated climatically with the greatest decline in precipitation rates and rise in 323 temperature ( Supplemental Table S3 ). 324
It is worth noting that ECHAM4-A2 showed slightly larger SOC contents than 325 ECHAM4-B2, mainly in the last five decades of the simulation period (Fig. 2) . In that 326 period, average temperatures were consistently higher under the ECHAM4-A2 scenario 327 than under ECHAM4-B2, whereas precipitation rates were slightly lower (Supplemental 328 The climate change conditions of the scenarios considered resulted in slight differences 334 in SOC sequestration rates. The estimated decrease in potential SOC sequestration rates 335 under climate change conditions could be mainly associated with the higher temperature 336 predicted in the climate change scenarios ( Supplemental Table S3 ), which could have 337 triggered greater decomposition rates (Davidson and Janssens, 2006). Hence, the effect of 338 average temperature increases of 6 to 7°C (Fig. 1a ) in the whole Aragon region would be 339 linked to the lowest SOC estimated under ECHAM4 scenarios. However, lower 340 precipitation and reduced soil moisture can slow down SOC decomposition (Skopp et al., 341 1990 ), thus counteracting the higher temperature influence. These two combined effects 342 would explain the slight differences in SOC evolution observed between ECHAM4 and 343 CGCM2. In the CGCM2 scenarios, the average temperature rise was moderate (2-3°C), 344 but the precipitation decrease was also moderate, which involves a smaller restriction on 345 SOC decomposition rate due to soil moisture deficit. As a result, potential SOC 346 sequestration rates simulated in the CGCM2 scenarios were just slightly higher than in the 347
ECHAM4. 348
The spatial distribution of SOC levels in 2100 in the ECHAM4-A2 scenario showed 349 lower SOC contents than those found under baseline conditions (Fig. 3) . For example, in the humid zones (Pyrenees and Iberian zones, located in the north and south parts of drier conditions prevailed (<400 mm precipitation), the area with SOC levels <57 Mg C 354 ha −1 also increased (Fig. 3) . These results provide an indication of the effects of warming 355 on SOC dynamics. 356
Our results suggest that the decrease in soil moisture seems to constrain soil microbial 357 activity, this effect being very clear in rainfed cropping systems. In fact, the RothC water 358 balance results showed that, for about half of the year, microbial activity was reduced up to 359 90% compared with the rest of the year. Compared with another study applied in the same 360 area (Álvaro-Fuentes et al., 2012a) and using a different model (Century), however, this 361 moisture effect was the major factor controlling SOC dynamics. The difference between 362 results from different models is likely explained by differences in two parameter values. 363
The rate modifier for temperature parameter value is always higher in RothC than in the 364 Century model, and the opposite is found for the rate modifier for moisture value (Falloon 365 and Smith, 2002) . The underlying uncertainty in the response of soil C to soil moisture is 366 generally attributed to the associated uncertainty in the relationship between soil moisture 367 and soil microbial processes (Falloon et al., 2011) . This relationship is complex and 368 depends on several processes, particularly oxygen diffusion and biochemical processes. In According to variability within climate change scenarios and considering the different 375 agricultural systems modeled, irrigated crops showed the highest SOC increase at the end 376 of the simulation period for all climate scenarios (Table 1) . For all climate scenarios, 377 rainfed crops showed smaller increases in C sequestration than irrigated crops (Table 1) . 378
This could be associated with the limited amount of harvest residue in rainfed conditions, 379 especially after drought periods in semiarid Mediterranean areas (Navarrete et al., 2009 ), 380 and with the higher water supply in irrigated crops, mainly by irrigation, as it increases 381 SOC stocks through greater plant residue (Gillabel et al., 2007) . 382
The smallest SOC increase was observed in the vineyard and olive grove cropping 383 systems for all the climate scenarios. Indeed, olive groves showed SOC losses under all 384 climate change scenarios, reaching −7.5 Mg ha −1 (Table 1) 
Soil Organic Carbon Changes under Management Scenarios 412
Considering the warmest climate change scenario (ECHAM4-A2), the two NT 413 scenarios stored almost more than twofold the SOC stored in the control during the study 414 period (Fig. 4 ). Both livestock scenarios showed similar levels of SOC sequestered, with 415 43 and 42.8 Mg C ha −1 for the increased and decreased livestock projections, respectively 416 ( Fig. 4) . Hence, the decrease or increase in manure (20% until 2030) did not significantly 417 affect the SOC content in agricultural soils of Aragon during the period of 2010 to 2100. 418 This might be explained by the fact that the amount of animal manure assumed in our 419 study region was much lower than the total C inputs from the plant residues. compared with the unchanged soil management (control) (Fig. 5) . 429
According to these findings, both soil management practices of NT in rainfed and 430 vegetation cover crops in woody crops are effective in enhancing SOC stocks in 431
Mediterranean Spain under climate change conditions (Supplemental Fig S4) . 432
Model Evaluation 433
We evaluated the model results against measured data only for the baseline SOC stock (Table 1) . We observed a slight difference between mean 440 simulated and measured values (0.23 and 0.18 Mg C ha −1 yr −1 , respectively). This is due to 441 the fact that we are considering the maximum potential of the SOC sequestration assuming 442 a total incorporation of C inputs, thus proving that RothC model results agree reasonably 443 with the expected and measured ranges. However, future research efforts should be made 444 using more and larger, reliable datasets (e.g., under more management practices and 445 cropping systems) to increase our confidence in the RothC results under different 446 management practices and cropping systems. 447
Climate change is expected to affect crops responses in many and complex ways (e.g., 448
average yields, plant quality). For example, whereas water shortage has undoubtedly a 449 negative effect on yield, this can be partly offset, as has been found in common crops like Fig. S5 ). These results certainly confirm the importance that future studies 472 attempt to focus on C input effects variations associated with uncertainty in dry matter 473 yields in climate change scenarios. 474
Qualitative Analysis of Uncertainty 475
Uncertainty related to this work may be ascribed to the model applied, the initial size 476 characterization of SOC fractions, and the nonavailability of some data at the temporal or 477 spatial levels. Indeed, for most of the parameters (e.g., inputs of irrigation water, HI), 478 modeling was performed according to the most common practices of the study area. Smith, 2002; Falloon et al., 2006) , we have to take into account some limitations of the 481 model and of the procedure applied. The model uses a monthly time step to calculate total 482 SOC, which may overlook some processes of SOC changes occurring at daily timescale. 483 The proposed regional analysis is based on a spatial division of the agricultural Aragon 484 territory into different geographical areas that share a set of specific parameters (e.g., conditions. Regarding the different agricultural systems tested, whereas irrigated crops 500 resulted in largest SOC sequestration potential even under the most extreme scenario 501 (ECHAM4), rainfed crops, vineyards, and olive groves showed the lowest potential. These 502 differences are probably due to low productivity of certain rainfed agricultural systems that 503 led to a reduction in harvest residue matter, suggesting that C inputs must be the greatest 504 SOC driver. 505
According to comparisons among climate change scenarios, temperature increase and 506 rainfall decrease will generally lead to a decline in SOC content. Indeed, ECHAM4 507 scenarios predicted the greatest impacts on SOC sequestration for the next 90 yr due to a 508 high temperature increase. 509
No-tillage, in the case of rainfed crops, and vegetation cover, for olive groves and other 510 woody crops, were the alternative management strategies to alleviate climate change 511 effects and SOC loss. These changes in management enhanced the amount of SOC 512 sequestered and were found to be effective strategies in reducing CO2 emissions and 513 increasing soil potential to sequester C under future climate change conditions. 514 
